The adenosine A 2A receptor (A 2A R) is highly enriched in the striatum where it is uniquely positioned to integrate dopaminergic, glutamatergic, and other signals to modulate cognition. Although previous studies support the hypothesis that A 2A R inactivation can be pro-cognitive, analyses of A 2A R's effects on cognitive functions have been restricted to a small subset of cognitive domains. Furthermore, the relative contribution of A 2A Rs in distinct brain regions remains largely unknown. Here, we studied the regulation of multiple memory processes by brain region-specific populations of A 2A Rs. Specifically, we evaluated the cognitive impacts of conditional A 2A R deletion restricted to either the entire forebrain (i.e., cerebral cortex, hippocampus, and striatum, fb-A 2A R KO) or to striatum alone (st-A 2A R KO) in recognition memory, working memory, reference memory, and reversal learning. This comprehensive, comparative analysis showed for the first time that depletion of A 2A R-dependent signaling in either the entire forebrain or striatum alone is associated with two specific phenotypes indicative of cognitive flexibility-enhanced working memory and enhanced reversal learning. These selective pro-cognitive phenotypes seemed largely attributed to inactivation of striatal A 2A Rs as they were captured by A 2A R deletion restricted to striatal neurons. Neither spatial reference memory acquisition nor spatial recognition memory were grossly affected, and no evidence for compensatory changes in striatal or cortical D 1 , D 2 , or A 1 receptor expression was found. This study provides the first direct demonstration that targeting striatal A 2A Rs may be an effective, novel strategy to facilitate cognitive flexibility under normal and pathologic conditions.
Adenosine modulates neurotransmission and synaptic function in the central nervous system (e.g., de Ribeiro 1994, 1997; Sebastiao and Ribeiro 1996) and is increasingly thought to play an important role in learning and memory (e.g., Fredholm et al. 2005; Boison 2007; Yee et al. 2007 ). Adenosine A 2A receptors (A 2A Rs) are uniquely positioned in the brain to modulate cognitive functions that depend on the complex integration of dopaminergic, glutamatergic, and other neuronal signals. They are abundantly expressed in the striatum and are largely found on post-synaptic striatopallidal medium spiny neurons (MSNs) of the "indirect" pathway (e.g., Schiffmann et al. 1991a,b; Rosin et al. 1998; Rebola et al. 2005) where they colocalize and interact with receptors of other neurotransmitter and neuromodulatory systems to influence synaptic plasticity and behavior Wei et al. 2011) . Specifically, striatal A 2A Rs interact antagonistically with dopamine D 2 receptors (D 2 Rs) (Hillion et al. 2002; Canals et al. 2003) and oppose N-methyl-D-aspartate receptor (NMDAR) function (Norenberg et al. 1998; Wirkner et al. 2000; Gerevich et al. 2002) . In contrast, striatal A 2A Rs may also interact synergistically with metabotropic glutamate 5 receptors (mGlu 5 Rs) (Ferre et al. 2002; Kachroo et al. 2005) and cannabinoid CB1 receptors (CB 1 Rs) (Tebano et al. 2009; Lerner et al. 2010) . Moreover, A 2A R activity on MSNs has been shown to critically modulate long-term potentiation (LTP) at cortico-accumbal synapses (d'Alcantara et al. 2001 ) and spiketiming-dependent LTP at glutamatergic synapses onto striatopallidal MSNs (Shen et al. 2008b ), a process thought to subserve learning and memory (Bliss and Collingridge 1993) . Outside the striatum, A 2A Rs are also weakly expressed in neurons in the hippocampus and the cortex (Cunha et al. 1994; Dixon et al. 1996; Rosin et al. 1998 ). Such extra-striatal A 2A Rs similarly interact with other receptors such as mGlu 5 Rs (Rodrigues et al. 2005; Tebano et al. 2005) . Within the hippocampus, A 2A Rs appear to be essential for LTP at mossy fiber-CA3 ) and CA3 CA1 (Fontinha et al. 2009 ) synapses. A 2A Rs are also found at pre-synaptic terminals in cortical afferent neurons projecting onto striatal MSNs (Rosin et al. 2003; Rebola et al. 2005) , and these strategically located cortical A 2A Rs can modulate glutamate release in the striatum Ciruela et al. 2006) . Hence, A 2A Rs are uniquely positioned to fine-tune, at the circuitry level, the complex integration of dopaminergic, glutamatergic, and other neuronal signals that underlie cognitive processes including learning and memory. In transgenic models, A 2A R overexpression impaired short-term object recognition memory and working memory (Gimenez-Llort et al. 2007) , whereas A 2A R inactivation enhanced spatial recognition memory (Wang et al. 2006 ) and working memory (Zhou et al. 2009 ). The latter might suggest that suppression of A 2A R activity could be pro-cognitive as A 2A R inactivation also counteracted age-related and pathologic memory loss in rodents (Prediger et al. 2005a,b,c; Dall'Igna et al. 2007) .
However, existing studies have been limited in scope, with analyses restricted to a small subset of cognitive domains. A comprehensive characterization of A 2A R's effects on particular cognitive functions is lacking. Furthermore, the relative contribution of A 2A Rs within distinct brain regions to these A 2A R-dependent cognitive outcomes has only begun to be recognized. Yu et al. (2009) recently identified a critical role for striatal A 2A Rs in habit formation during instrumental learning, a finding that is consistent with the well-known striatal locus for habit formation (Packard and Knowlton 2002) . The relevance of these abundant striatal A 2A Rs to higher cognitive processes such as spatial learning, which is typically attributable to hippocampus and association cortices (for review, see Aggleton et al. 2000; Kesner 2009; Save and Poucet 2009) , however, has not yet been explored. Despite their relatively low expression levels, hippocampal and cortical A 2A Rs have been shown to modulate important synaptic functions (like LTP, as mentioned previously) thought to critically underlie learning and memory (Bliss and Collingridge 1993; Lynch 2004 ). These extra-striatal A 2A Rs might therefore also regulate such higher cognitive functions. A functional dissociation between striatal and extra-striatal (i.e., cortical and hippocampal) A 2A Rs in the regulation of behavior is highlighted by our recent study suggesting that they exert opposite control over dopamine-and glutamate/NMDAR-mediated psychomotor activity (Shen et al. 2008a ).
The present study builds upon this initial finding and aims to dissect the complex, complementary contributions of striatal and cortical A 2A Rs to higher cognitive functions. We assessed multiple learning and memory domains with brain region specification of A 2A R's effects by determining the cognitive impacts of conditional deletion of Adora2a (A 2A R) restricted to forebrain (i.e., cortex, hippocampus, and striatum, fb-A 2A R KO) (Bastia et al. 2005) or to striatum (st-A 2A R KO) (Shen et al. 2008a ) in recognition memory, working memory, reference memory, and reversal learning. This comparison allowed us to dissociate the effects of striatal A 2A Rs from extra-striatal (but within forebrain) A 2A Rs on specific cognitive processes. This comprehensive assessment revealed two previously underappreciated phenotypes of improved cognitive flexibility following targeted brain regional A 2A R deletion. Specifically, deleting A 2A Rs in forebrain neurons led to a selective enhancement of working memory and reversal learning. Restricting the deletion to A 2A Rs only in striatal neurons still captured these same pro-cognitive phenotypes, thus suggesting that striatal A 2A R inactivation alone is sufficient to enhance working memory and reversal learning. Targeting striatal A 2A Rs may therefore represent a novel approach for facilitating cognitive flexibility underlying effective goal-directed behavior when environmental demands or conditions change.
Results
Validation of brain region-specific A 2A R deletion restricted to forebrain or striatum ) were generated using the Cre-loxP strategy. This standard strategy uses promoters with brain region-specific activity to drive the localized expression of the Cre protein, which subsequently recombines/deletes the particular gene sequence flanked by loxP sequences. In this study, the Camk2a promoter or the Dlx5/6 enhancer elements was used to produce Cre-mediated A 2A R deletion restricted to the forebrain or striatum, respectively.
Fb-A 2A R KO and st-A 2A R KO mice have been characterized for their selective A 2A R deletion in the forebrain (i.e., the cortex, the hippocampus, and the striatum) (Bastia et al. 2005; Yu et al. 2008) or exclusively in striatal (Shen et al. 2008a ) neurons, as shown in our previous studies. To further characterize the Cre-mediated effects on A 2A R expression in different brain regions in fb-A 2A R KO and st-A 2A R KO mice, we determined Cre expression by X-gal staining of LacZ in a Rosa26 reporter transgenic line, PCR analysis of Cre-mediated A 2A R deletion in brain, and X-gal staining revealed high levels of Cre recombination in the cortex and the hippocampus and moderate to high levels in the striatum of Camk2a-cre(+)Rosa26 flox/flox mice (Fig. 1A , upper panel). This expression pattern is consistent with our previous detection of Cre-mediated A 2A R deletion in fb-A 2A R KO mice by PCR analysis and by 3 H-SCH58261 radioligand binding assay (Yu et al. 2008) . In contrast, in Dlx5/6-cre(+)Rosa26 flox/flox mice, Cre recombination was robust and localized mainly to dorsal and ventral striatum, although sparse recombination was detected in extra-striatal brain regions such as the hippocampus and the cortical mantle (Fig. 1A, lower panel) . This pattern of scattered and weak staining in extra-striatal brain regions did not appear to include the principal excitatory neurons in which A 2A Rs are found, but might represent instead GABA-ergic interneurons (Batista-Brito et al. 2008) .
To evaluate the time course of Cre-mediated A 2A R deletion, we performed PCR analysis of genomic DNA extracted from the striatum, the cortex, the hippocampus, and/or the cerebellum of fb-A 2A R KO or st-A 2A R KO mice. As shown in Figure 1B (upper panel) Cre-mediated recombination was first detected at postnatal day 23 in fb-A 2A R KO mice in the striatum and the cortex, but not in the cerebellum, thus demonstrating the forebrain specificity of the A 2A R deletion at the DNA level. In contrast, in st-A 2A R KO mice, Cre-mediated recombination was evident as early as postnatal day 5 (the earliest postnatal day examined) in the striatum, but was largely absent in the cortex or the hippocampus (Fig. 1B , lower panel), thereby confirming striatum-specific A 2A R deletion. In both fb-A 2A R KO and st-A 2A R KO mice, it appeared that the recombination might be incomplete as shown by the persistence of the flox band.
As Cre activity may not directly reflect the extent of A 2A R protein loss, 3 H-ZM241385 radioligand binding assays were also conducted to quantify A 2A R protein expression in the striatum, the cortex, the hippocampus, and the olfactory bulb of fb-A 2A R KO and st-A 2A R KO mice (Fig. 1C) . One-way ANOVA (n ¼ 5 -7 mice per group) of 3 H-ZM241385 binding in fb-A 2A R KO and fb-WT mice revealed significant loss of A 2A R expression in the striatum (F (1,10) ¼ 64.48, P , 0.0001) and the olfactory bulb (F (1,9) ¼ 12.87, P , 0.01), as well as a trend of reduction in the hippocampus and the cortex (Fig. 1C, upper panel) . These results are entirely consistent with the pattern previously reported using 3 H-SCH58261 (another selective A 2A R antagonist) as the radioligand (Yu et al. 2008) . In contrast, analysis of st-A 2A R KO and st-WT mice (n ¼ 6 -7 per group) demonstrated that A 2A R expression was completely lost in the striatum (F (1,11) ¼ 177.47, P , 0.0001), but preserved in the cortex and the hippocampus (F's , 1), as well as olfactory bulb (P ¼ 0.16) of st-A 2A R KO mice (Fig. 1C, lower panel) . Thus, forebrain-specific or striatum-specific A 2A R deletion was also achieved at the protein level in fb-A 2A R KO and st-A 2A R KO mice, respectively. In summary, analyses of the spatial and temporal patterns of Cre-recombination and Cre-mediated A 2A R deletion at both the genomic and receptor binding levels in both knockout mouse lines collectively demonstrated that fb-A 2A R KO had achieved selective loss of A 2A Rs in the entire forebrain (i.e., cortex, hippocampus, and striatum) beginning at postnatal day 23, whereas st-A 2A R KO had achieved a highly selective loss of A 2A Rs in the striatum only (but not in the cortex or the hippocampus) as early as postnatal day 5. Thus, both fb-A 2A R KO and st-A 2A R KO mice shared a common feature of deficient A 2A R expression in the striatum, although they differed in the timing of deletion. In fb-A 2A R KO mice, as expected, this regional deletion extended from striatum to also include the cortex and the hippocampus and it occurred later.
Lack of compensatory changes in adenosine A 1 or dopamine D 1 and D 2 receptors A 2A Rs are closely linked to the adenosinergic (i.e., A 1 Rs) and dopaminergic (i.e., D 1 Rs and D 2 Rs) receptor systems (Fredholm et al. 2007) . Compensatory changes in the expression of these receptors might affect behavior independently of A 2A R deletion (Fredholm et al. 2005; El-Ghundi et al. 2007 Fig. 2A,B) . These data suggest that compensatory changes in A 1 R, D 1 R, or D 2 R expression were not a concern in our A 2A R KO mouse models. However, we cannot exclude the possibility of compensatory shifts in cell surface expression of these receptors, G-protein-coupling, or other downstream signaling pathways.
Spatial recognition memory in the Y-maze is unaffected in both fb-A 2A R KO and st-A 2A R KO mice Recognition memory for distant spatial cues across a broad range of retention delays was evaluated in the nonaversive Y-maze test. Preferential exploration of the novel arm during the test phase performed 2 min, 30 min, 3.5 h, or 1 d after the sample phase was evaluated as an index of spatial recognition memory. A clear and comparable preference for the novel arm was apparent between genotypes in both forebrain and striatum cohorts, with all groups showing the expected decline in preference with increasing delay between sample and test phases (Fig. 3A,B) . These interpretations were supported by separate 2 × 2 × 4 (Genotype × Sex × Delays) ANOVAs of the percent time spent in the novel arm, each of which only yielded a significant effect of Delays (fb-A 2A R KO, F (3, 63) ¼ 3.92, P , 0.05; st-A 2A R KO, F (3, 81) ¼ 7.99, P , 0.001). An additional analysis of the time spent in each arm using separate 2 × 2 × 4 × 3 (Genotype × Sex × Delays × Arms) ANOVAs further confirmed the overall preference for the novel arm (fb-A 2A R KO, F (2,42) ¼ 71.19, P , 0.001; st-A 2A R KO, F (2,54) ¼ 93.73, P , 0.001) and its dependency on the delay (Delays × Arms interaction: fb-A 2A R KO, F (6,126) ¼ 2.80, P , 0.05; st-A 2A R KO, F (6,162) ¼ 5.91, P , 0.001). It was therefore concluded that spatial recognition across a range of retention delays was not significantly altered by loss of forebrain or striatal A 2A Rs. This conclusion was strengthened by supplementary analyses of the distance traveled in each arm, which yielded a parallel pattern of results, thus arguing against any potential confound of Figure 1 . Forebrain-or striatum-specific A 2A R KO is selective. (A) X-gal staining for brain regions of Cre expression demonstrates strong staining throughout the entire forebrain (i.e., cortex, hippocampus, and striatum) in Camk2a-cre(+)Rosa26 flox/flox mice (upper panel). X-gal staining also shows strong staining throughout the entire striatum (that is largely absent in the cortex or the hippocampus) in Dlx5/6-cre(+)Rosa26 flox/flox mice (lower panel). (B) Postnatal developmental time course of Cre recombination and deletion of the "floxed" A 2A R allele. Representative PCR analysis of genomic DNA isolated from (1) the striatum, (2) the cortex, and (3) the cerebellum of fb-A 2A R KO mice at the various developmental stages (P15, P23, and P35) demonstrates a forebrain-specific pattern of A 2A R deletion in the striatum and the cortex, but not in the cerebellum beginning around P23 (upper panel). Similar PCR analysis of (1) the striatum, (2) the cortex, and (3) Spatial working memory performance is facilitated in both fb-A 2A R KO and st-A 2A R KO mice
Visually guided escape behavior
Initial training using the visible cued platform yielded no evidence of any genotype difference (Fig. 4A ). All mice acquired the swimming and escape response, with performance improving over the four trials performed across two consecutive days, thus demonstrating their ability to utilize the local visual cues to locate the escape platform. A 2 × 2 × 4 (Genotype × Sex × Trials) ANOVA of escape latency confirmed the presence of a significant trials effect (fb-A 2A R KO, F (3, 75) 
Working memory performance in fb-A 2A R KO mice
In this test, improved escape performance from trial 1 to 2 provides a measure of working memory (Hodges et al. 1995 ). The working memory task taxes the application of a daily matchingto-sample rule where the animal's experience on trial 1 (i.e., when the mouse has located the novel unknown position of a hidden platform) is used to guide the subsequent search for an identically located escape platform on trial 2 on a given day. Hence, only the same day's trial 1 experience is effective in guiding search performance during trial 2 in the working memory task. Initial analysis of both escape latency and path length by separate 2 × 2 × 3 × 4 × 2 (Genotype × Sex × Delays × Days × Trials) ANOVAs yielded a significant four-way interaction (Genotype × Sex × Delays × Trials interaction: escape latency: F (2,46) ¼ 3.57, P , 0.05; path length: F (2,46) ¼ 3.19, P ¼ 0.05), which was suggestive of a sex-dependent genotype effect (see Fig. 4B ). This was investigated by additional analyses restricted to either sex alone, which clearly demarcated the presence of a genotype effect on working memory performance in the female but not in the male sex. It is worth noting that the phenotypic difference in working memory observed between male and female fb-A 2A R KO mice is unlikely attributable to a differential loss of forebrain A 2A Rs in these mice as X-gal staining showed a similar Cre-expression pattern between male and female fb-A 2A R KO mice (data not shown). Significant Genotype × Trials (escape latency: F (1,12) ¼ 7.61, P , 0.05; path length: F (1,12) ¼ 4.58, P ¼ 0.05) and Genotype × Delays × Trials (escape latency: F (2,24) ¼ 0.057; path length: F (2,24) ¼ 3.76, P , 0.05) interactions were evident in the females, but clearly absent in the males (F's , 1). As illustrated in Figure 4B (left panel), these interaction terms, which were unique to the females, arose because fb-WT mice showed the expected delay-dependent deterioration of performance, whereas fb-A 2A R KO mice continued to show a clear improvement in escape during trial 2 relative to trial 1, regardless of the delay. Forebrain A 2A R deletion thus led to a delay-dependent improvement of working memory performance: fb-A 2A R KO and fb-WT mice were highly comparable at the minimal delay, but diverged only when the increasing retention demand of the delay effectively reduced performance in fb-WT mice to chance level. Post-hoc pair-wise comparisons confirmed that female fb-A 2A R KO and fb-WT mice never significantly differed from each other during trial 1 (P's . 0.30). A clear difference, however, was detected during trial 2 under the delay conditions of 10 min (P , 0.05) and 15 min (P , 0.005), and only fb-A 2A R KO mice demonstrated significant performance improvement from trial 1 to 2 at the longest delay (P , 0.02). This genetic knockout effect on working memory performance was completely absent in the males (Fig. 4B , right panel).
Working memory performance in st-A 2A R KO mice Experiment set I. Striatal A 2A R KO similarly led to a facilitation of working memory performance (Fig. 4C ), but this effect was (1) already evident at the minimal delay condition when st-WT mice failed to consistently improve performance from trial 1 to 2 and (2) comparable between sexes, i.e., not sex-dependent. Separate 2 × 2 × 4 × 2 (Genotype × Sex × Days × Trials) ANOVAs of the two performance measures yielded a significant Genotype × Trials interaction (escape latency: F (1,29) ¼ 6.80, P , 0.05; path length: F (1,29) ¼ 6.41, P , 0.05) that was independent of sex (Genotype × Sex × Trials interaction: escape latency:
Post-hoc comparisons indicated the presence of a significant improvement from trial 1 to 2 in st-A 2A R KO mice (P , 0.005), but not in st-WT mice (P ¼ 0.64), and performance on trial 2 differed significantly between genotypes (P , 0.05) despite comparable performance on trial 1 (P ¼ 0.15).
Experiment set II. The lack of evidence of effective working memory function among st-WT mice in Experiment set I raised the possibility that st-WT mice might have failed to master the matching rule of the task, thus leaving open the interpretation that the performance enhancement in st-A 2A R KO mice might not represent an enhancement in working memory ability. To exclude this alternative interpretation, we conducted a separate experiment in a separate cohort of st-A 2A R KO and st-WT mice using a slightly modified training protocol to ensure satisfactory learning performance in the st-WT controls (see Materials and Methods).
To capture the key element of working memory, in particular, we focused our analyses to the first two trials of each day. As depicted in Figure 4D (first panel), both st-A 2A R KO and st-WT mice similarly demonstrated a clear improvement in trial 2 compared to trial 1 when matching-to-sample learning was promoted by using the four-trial-per-day training protocol in conjunction with a minimal retention load of 20 sec. This impression was confirmed by separate 2 × 2 × 4 × 2 (Genotype × Sex × Days × Trials) ANOVAs of the two performance measures. As expected, all mice demonstrated significant improvement from trial 1 to 2 (main effect of Trials: escape latency: F (1,13) ¼ 20.55, P , 0.001; path length: F (1,13) ¼ 7.71, P , 0.05), which did not differ between st-A 2A R KO and st-WT mice (Genotype × Trials interaction: escape latency: F (1,13) ¼ 1.28, P ¼ 0.28; path length: F (1,13) ¼ 2.60, P ¼ 0.13). These results confirmed that both st-A 2A R KO and st-WT mice were able to learn the procedures and acquire the daydependent matching rule of the task.
Following initial training with the four-trial-per-day training protocol in which performance was comparable between genotypes, mice were then returned to a two-trial-per-day testing protocol as in Experiment set I. As shown in Figure 4D (last three panels), performance began to diverge again with st-A 2A R KO mice (but not st-WT mice) showing significant improvement from trial 1 to 2. This genotype effect was evident with the short ITI (20-sec delay) and persisted as the retention load was increased with the extended ITI (10-min delay) in both the females and males. Thus, this outcome was entirely consistent with that in Experiment set I in which st-A 2A R KO mice consistently outperformed st-WT mice in both sexes. A 2 × 2 × 2 × 4 × 2 (Genotype × Sex × Delay × Days × Trials) ANOVA of escape latency confirmed this observation yielding only a main effect of Trials (F (1,13) ¼ 8.12, P , 0.05) and a significant Genotype × Trials interaction (F (1,13) ¼ 9.18, P , 0.01), which were both independent of the delay intervals (Delay × Trials interaction: F (1,13) ¼ 3.26, P ¼ 0.09; Genotype × Delay × Trials interaction: F , 1) and of sex (Sex × Trials and Genotype × Sex × Trials interactions: F's , 1). Post-hoc comparisons indicated a significant improvement in escape latency from trial 1 to 2 in st-A 2A R KO mice (P , 0.005), but not in st-WT mice (P ¼ 0.92) despite their having demonstrated similar baseline performance on trial 1 (P ¼ 0.11).
Collectively, these data from both sets of experiments indicate that st-A 2A R KO mice consistently showed improved spatial working memory compared to st-WT mice, and this was not due to st-WT mice failing to acquire the matching rule. The fact that Experiment set II successfully replicated the phenotype previously observed in Experiment set I also strongly argues against any critical impact of prior trainings in the first striatal cohort on the original observation of working memory enhancement Striatal A 2A receptor and cognitive flexibility www.learnmem.org because the two striatal cohorts differed substantially in their respective experimental history. Moreover, unlike the phenotype that had emerged in fb-A 2A R KO mice, the phenotype of enhanced working memory in st-A 2A R KO mice was demonstrably independent of sex in both Experiment set I and Experiment set II (see Fig. 4D , last two panels).
Reference memory acquisition performance is unaffected in both fb-A 2A R KO and st-A 2A R KO mice
In contrast to working memory, when the platform is fixed in a constant position across days as in the reference memory procedure, the gradual accumulation of a relevant memory trace connecting the fixed location with the opportunity to escape from the water contributes to (1) performance improvement over days and (2) development of a search preference for the relevant spatial location.
Across the 10 d of acquisition training, all groups showed a gradual improvement in their escape performance. This was evidenced by a reduction in escape latency (Fig. 5A,D) and path length, with KO and WT mice demonstrating near-identical performance levels at the end of training. Separate 2 × 2 × 10 × 2 (Genotype × Sex × Days × Trials) ANOVAs of both performance measures in the two cohorts yielded a highly significant Days effect (fb-A 2A R KO: escape latency: F (9,225) ¼ 6.33, P , 0.001; path length: F (9,225) ¼ 10.27, P , 0.001; st-A 2A R KO: escape latency: F (9,243) ¼ 2.58, P , 0.01; path length: F (9,243) ¼ 3.35, P , 0.001). Neither the main effect of Genotype nor its interactions approached statistical significance. Thus, A 2A receptor knockout in the forebrain or the striatum did not significantly affect acquisition performance.
Post-acquisition probe test performance is reduced in st-A 2A R KO but not fb-A 2A R KO mice Spatial search pattern in Probe tests 1 and 2
Two probe tests, in which the platform was removed from the maze, were conducted 24 and 72 h following the conclusion of acquisition training to assess the strength and retention of the spatial search preference that had developed as a result of acquisition training. The two tests yielded parallel outcomes, suggesting stable retention of the spatial preference (Fig. 5B,E) . Comparison between fb-A 2A R KO and fb-WT mice indicated that both groups Mice were first pretrained in the water maze for up to two consecutive days (two trials per day) to swim directly to a visible platform for escape. Working memory was subsequently evaluated by examining over blocks of 4 d the improvement in escape latency (s) from trial 1 to 2 to reach a hidden platform whose location changed every day. (A) Both fb-A 2A R KO (left panel) and st-A 2A R KO (right panel) mice showed a comparable reduction in escape latency with each trial compared to fb-WT and st-WT mice, respectively. This indicates that A 2A R deletion did not alter motivation or sensory and motor capabilities required to successfully learn and execute an escape onto a visible platform. (B,C) Experiment set I: The forebrain cohort was tested over three blocks corresponding to a 20-sec, 10-min, or 15-min delay between trials. The striatal cohort was tested in a single block at the minimal delay of 20 sec. Among the female mice (B, left panel), clear evidence for a delay-dependent enhancement of working memory was observed in fb-A 2A R KO mice: these mice demonstrated a consistent and marked reduction in escape latency from trial 1 to 2 at all delays, whereas fb-WT mice only readily showed such improvement at the shorter delay, suggesting improved working memory capabilities in these female fb-A 2A R KO mice. In contrast, among the male mice (B, right panel), fb-A 2A R KO and fb-WT mice performed remarkably similarly, showing comparable improvements in escape latency from trial 1 to 2 at all delays. St-A 2A R KO mice, like female fb-A 2A R KO mice, readily showed improvement across the two trials, whereas st-WT mice did not (C). (D) Experiment set II: A separate striatal cohort was first trained for 4 d using a four-trial-per-day training protocol to facilitate learning and ensure mastery of the matching rule. Mice were then returned in the testing phase to a two-trial-per-day protocol as in Experiment set I and tested at 20-sec and 10-min delays. St-A 2A R KO and st-WT mice demonstrated comparable improvement from trial 1 to 2 during training, but as the task demands increased during testing, st-A 2A R KO mice again continued to out-perform st-WT mice, an effect that was not sex-dependent. Despite this lack of sex dependency in st-A 2A R KO mice, the data are further plotted split by sex in order to provide a parallel comparison with the enhanced working memory phenotype in fb-A 2A R KO mice, which did show a sex effect. Values depicted are mean + SEM. showed a strong preference for the quadrant area (i.e., target quadrant) centering on the platform's location and comparable search accuracy of the precise platform location during acquisition training (Fig. 5B,C) . In contrast, this preference, albeit still above chance level in st-A 2A R KO mice, was significantly weaker in comparison with that in st-WT mice (Fig. 5E ). These interpretations were confirmed by separate 2 × 2 × 4 (Genotype × Sex × Quadrants) ANOVAs of the percent time spent per quadrant in each probe test. Normal memory retention and temporal search pattern during probe testing in st-A 2A R KO mice
Differences in the amount of time spent in the target quadrant during probe testing can reflect differences in memory retention as well as in temporal search patterns. Therefore, we performed a set of additional analyses to test whether the observed relative performance impairment on Probe tests 1 and 2 in st-A 2A R KO mice might be attributable to impaired memory retention or an altered temporal search pattern during probe testing in st-A 2A R KO mice. First, to address whether st-A 2A R KO mice differed in their ability to retain the memory for the spatial location of the platform, we examined trial 1 performance during acquisition training, which can indicate memory retention from the previous day's training. Separate 2 × 2 × 10 (Genotype × Sex × Days) ANOVAs of trial 1 escape latency and path length did not yield any significant Genotype effect (F's , 1) or its interactions (Genotype × Days interaction: escape latency: F (9,243) ¼ 1.34, P ¼ 0.24; path length: F (9,243) ¼ 1.38, P ¼ 0.22), a result that is consistent with the impression based on the overall analysis in the acquisition phase (see Fig. 5D ). To further clarify this issue, we also analyzed the number of annular crossings (i.e., the frequency at which the swim path crossed the former spatial location of the platform) and the latency of the first annular crossing in each probe test to provide both, respectively, an index of search accuracy and an estimate of what the escape latency would have been if the platform were present. Separate two-way (Genotype × Sex) ANOVAs of the number of annular crossings (Fig. 5F ) or the latency of the first annular crossing (data not shown) in each of the two probe tests did not reveal any significant differences between st-A 2A R KO and st-WT mice. Together with the above-mentioned findings that trial 1 performance across acquisition days showed gradual improvement and was indistinguishable between genotypes, these data suggest that st-A 2A R KO mice were not consistently impaired in their ability to retain the memory of the precise spatial location of the escape platform compared to st-WT mice. Second, to address whether a different temporal search pattern (e.g., possibly reflective of enhanced within-session extinction) in st-A 2A R KO mice could account for the apparent probe test deficit reported previously, we examined the temporal profile Cold
(across successive 15-sec bins) of the preference for the target quadrant in each probe test. Separate 2 × 2 × 4 (Genotype × Sex × Bins) ANOVAs of the percent time spent in the target quadrant suggested that the preference was relatively stable over time and without evidence for extinction in both st-A 2A R KO and st-WT mice (Bins effect and Genotype × Bins interaction: F's , 1), but consistent with the initial probe test analyses comparing all four quadrants (see Fig. 5E ), this preference was reduced in st-A 2A R KO mice (main effect of Genotype: Probe test 1: F (1,27) ¼ 5.42, P , 0.05; Probe test 2: F (1,27) ¼ 4.71, P , 0.05). Therefore, the probe test performance deficit observed in st-A 2A R KO mice was not associated with a difference in their temporal search pattern in the target quadrant during probe testing, when actual escape onto the platform was not available. This suggests that enhanced extinction of the target quadrant preference is an unlikely explanation for their weaker probe test performance. The exact reason for the weaker performance in Probe tests 1 and 2 in st-A 2A R KO mice remains unclear but may stem from a weakening of habit formation (see Discussion) rather than from an impairment in reference memory retention or acquisition as such.
Reversal phase learning occurs more rapidly in both fb-A 2A R KO and st-A 2A R KO mice
Reversal learning began 4 d after the end of acquisition on experimental day 14 (see Fig. 6 ). This lasted for 4 d in the forebrain cohort when fb-WT mice showed a clear preference for the new target quadrant in Probe test 3. This preference, however, was not observed in st-WT mice, and thus, reversal training continued for another 4 d in the striatal cohort. By the end of this additional training, st-WT mice had exhibited a clear preference for the new target quadrant. This pattern of results aligned with the impression obtained from the working memory test, which suggested that the fb-WT mice tended to learn more quickly in general relative to the st-WT mice.
Fb-A 2A R KO facilitated reversal learning performance without affecting probe test performance
The change of platform location (from day 10 to day 14) disrupted the efficiency of locating the escape platform in fb-A 2A R KO and fb-WT mice. To gauge this reversal effect, analyses contrasting the last acquisition day and the first reversal day were performed, which yielded only a main effect of Days (three-way ANOVA: escape latency: F (1,25) ¼ 34.99, P , 0.001; path length: F (1,25) ¼ 34.91, P , 0.001). Although the initial impact of reversal appeared comparable between fb-A 2A R KO and fb-WT mice, their performance appeared to diverge as reversal training continued (Fig. 6A) .
Indeed, fb-A 2A R KO mice rapidly improved over the 4 d of reversal training, achieving a performance level (i.e., on day 17) that was comparable with that at the end of acquisition (i.e., on day 10). In contrast, fb-WT mice performed relatively poorly during the reversal phase. Separate 2 × 2 × 4 × 2 (Genotype × A probe test conducted to evaluate the pattern of spatial search on day 18 yielded highly comparable outcomes between fb-A 2A R KO and fb-WT mice (Fig. 6B) . After 4 d of reversal training, both groups had developed an overall preference for the new target quadrant that significantly exceeded chance level (P's , 0.01) with limited evidence of any residual preference for the former (now opposite) target quadrant. A 2 × 2 × 4 (Genotype × Sex × Quadrants) ANOVA of the percent time spent in each quadrant only yielded a highly significant Quadrants effect (F (3, 75) ¼ 10.64, P , 0.001).
St-A 2A R KO facilitated reversal learning and showed a less persistent preference for the previously acquired platform location during probe testing
The impact of relocating the escape platform impaired performance as expected (Fig. 6C) . Analyses contrasting the last acquisition day and the first reversal day confirmed the impact of reversal on both performance measures, yielding a significant Days effect (escape latency: F (1,27) ¼ 25.13, P , 0.001; path length: F (1,27) ¼ 19.36, P , 0.001). There was no statistical support that the initial impact of reversal differed between st-A 2A R KO and st-WT mice (Genotype × Days interaction: escape latency: F (1,27) ¼ 2.02, P ¼ 0.17; path length: F , 1).
However, st-A 2A R KO mice out-performed st-WT mice over the course of reversal learning. Separate 2 × 2 × 8 × 2 (Genotype × Sex × Days × Trials) ANOVAs of the two performance measures yielded similar outcomes, although escape latency was again more powerful in detecting a genotypic difference. Significant effects of Genotype (escape latency: F (1,27) ¼ 7.49, P ¼ 0.01; path length: F (1,27) ¼ 3.78, P ¼ 0.06) and of Days (escape latency: F (7,189) ¼ 4.64, P , 0.001; path length: F (7,189) ¼ 3.54, P , P , 0.01) emerged, but their interaction was not significant (F's , 1). Thus, the statistical outcomes resembled those obtained in the forebrain cohort although the two experiments differed in the number of training days.
To allow an effective assessment of the competition between any residual preference for the previous platform location (i.e., during acquisition) and the newly acquired preference for the platform location used during reversal training, three probe tests (Probe tests 3, 4, and 5) were performed over the course of reversal training. The first of these probe tests was performed after 4 d of reversal training (just before reversal training on day 5). St-A 2A R KO mice already showed a preference for the new target quadrant during this probe test, whereas st-WT mice still exhibited an overall preference for the previous target quadrant used during acquisition (see Probe test 3) (Fig. 6D) . This impression was confirmed by the emergence of a near-significant Genotype × Quadrants interaction (F (3, 81) ¼ 2.70, P ¼ 0.05) in a 2 × 2 × 4 (Genotype × Sex × Quadrants) ANOVA of percent time spent per quadrant. The same interaction term achieved clear statistical significance in a separate 2 × 2 × 2 ANOVA contrasting solely the percent time spent between the (diagonally opposite) new and previous target quadrants (F (1,27) ¼ 5.76, P ¼ 0.025). This analysis provides a meaningful and specific assessment of the expression of the reversal effect by focusing on the search behavior in the previously reinforced quadrant and the presently (newly) reinforced quadrant in exclusion of the never-reinforced quadrants. Post-hoc pairwise comparisons further confirmed that st-A 2A R KO mice already preferred the new target quadrant more than did st-WT mice on the first reversal probe test (Probe test 3, P , 0.05).
By the second and third probe tests in the reversal phase, however, performance between st-A 2A R KO and st-WT mice had become increasingly comparable (see Probe tests 4 and 5) (Fig. 6D) . In st-WT mice, preference for the new target quadrant continued to increase as their preference for the previous target quadrant waned. On the other hand, performance across these three probe tests was relatively stable in st-A 2A R KO mice. Separate 2 × 2 × 4 (Genotype × Sex × Quadrants) ANOVAs of the percent time spent per quadrant revealed only a main effect of Quadrant in these two probe tests (Probe test 4: F (3,81) ¼ 4.02, P ¼ 0.01; Probe test 5: F (3,81) ¼ 12.81, P , 0.001) without any evidence for genotypic differences. The latter result was in agreement with the analysis of annular crossings variables (data not shown). Additional one-sample t-tests confirmed that target quadrant preference exceeded chance level in all probe tests in st-A 2A R KO mice (P's , 0.006), but st-WT mice only achieved that in the final probe test (P , 0.02). Increasing preference for the new target quadrant across the three probe tests in st-WT mice (F (2,24) ¼ 5.88, P , 0.01), but not in st-A 2A R KO mice (F (2,30) ¼ 1.77, P ¼ 0.20), was confirmed by a repeated measures ANOVA that directly compared preference for the new target quadrant across the three probe tests.
Discussion
This study provides the first direct demonstration that targeted inactivation of A 2A Rs on intrinsic striatal neurons is sufficient to facilitate two forms of cognitive-behavioral flexibility-working memory and reversal learning. These phenotypes arose largely in the absence of any gross or persistent effects on other behavioral parameters, such as spatial reference memory acquisition or spatial recognition memory. They were also free from compensatory changes in D 1 , D 2 , or A 1 receptor expression in the striatum or the cortex. Moreover, comparative analysis of fb-A 2A R KO and st-A 2A R KO revealed largely similar phenotypes of enhanced working memory and reversal learning, leading to the conclusion that A 2A R inactivation in the striatum (rather than in the cortex or the hippocampus) plays a predominant role in the expression of cognitive flexibility by A 2A Rs. Thus, targeting striatal A 2A Rs alone may be sufficient to facilitate effective behavioral adaptations in response to changing environmental contingencies. Striatal A 2A Rs might therefore represent an attractive, novel strategy to restore cognitive flexibility in neuropsychiatric conditions, such as Parkinson's disease, schizophrenia, or related neuropsychiatric disorders in which striatal dysfunction is implicated.
Selective inactivation of striatal neuronal A 2A Rs is sufficient to enhance working memory
Working memory captures important elements of cognitive flexibility, notably the capacity to maintain or update information held online and select appropriate behavioral responses in accordance to shifting positive and negative stimulus-response contingencies (Goldman-Rakic 1995; Marie and Defer 2003; Dalley et al. 2004) . A 2A R deletion on striatal neurons facilitated spatial working memory performance as evidenced by consistent trial 1-to-2 improvement in st-A 2A R KO but not st-WT mice in two independent experiments (i.e., Experiment sets I and II). We observed similar results in female fb-A 2A R KO mice, but this difference was absent in the males. This sex-dependent phenotypic difference is unlikely attributable to a differential loss of forebrain A 2A Rs between sexes given that Cre expression did not reveal any such sex difference (data not shown). Although the precise origin or mechanism underlying this sex-dependent working memory phenotype in fb-A 2A R KO mice is presently unclear, it is worth noting that global A 2A R knockout has previously been reported to influence other brain-relevant processes in a sexdependent manner, including body temperature regulation (Yang et al. 2009 ) and ethanol sensitivity and consumption (Naassila et al. 2002) . Interestingly, estrogen has been shown to modify the expression of A 2A R transcript in several different brain regions ); thus, one might venture to speculate a degree of sex hormonal influence over A 2A R-dependent phenotypes. Here, because the expression of the working memory phenotype was only dependent on sex in the forebrain but not striatal A 2A R knockout mouse line, any such modulation by sex hormones might be more critical and/or more likely occurring in areas outside the striatum (e.g., in the cortex and/or the hippocampus where A 2A Rs were deleted in fb-A 2A R KO but spared in st-A 2A R KO mice). Regardless of the precise mechanism underlying the sex-dependent effect unique to fb-A 2A R KO mice, it does not undermine the major finding that working memory enhancement can be induced by A 2A R inactivation (which led to a similar overall impact between the two conditional A 2A R knockout lines) and that striatal A 2A R inactivation alone is sufficient to produce this selective enhancement, which incidentally was not significantly modified by sex.
Improved working memory in st-A 2A R KO and female fb-A 2A R KO mice unlikely reflects ineffective mastery of the matching rule by their respective controls: both control groups clearly demonstrated successful task performance when the cognitive load was minimal (i.e., Experiment set II training in the striatal cohort under the initial four-trial-per-day protocol and 20-sec delay in the forebrain cohort). Thus, performance between knockout and control only diverged when task difficulty increased (see Fig. 4B,D) . In contrast, spatial recognition memory and reference memory acquisition were largely unaffected by A 2A R inactivation in either knockout line. This pattern of outcomes closely resembles that seen following global A 2A R inactivation in mice (Zhou et al. 2009 ), which also selectively enhanced working memory without affecting reference memory learning. Conversely, overexpression of A 2A Rs in the brain impaired working memory performance, but also did not affect reference memory function in transgenic rats (Gimenez-Llort et al. 2007 ). The selectivity of these findings is consistent with the view that striatal function is not critical to forming spatial representations as such (Packard and McGaugh 1992; McDonald et al. 2008; Berke et al. 2009 ).
The novel finding of our study is that selective inactivation of striatal A 2A Rs alone was sufficient to reproduce the pro-cognitive phenotypes resulting from A 2A R deletion extending to the entire forebrain. An earlier transgenic study suggested that A 2A Rs in the cortex and the hippocampus modulate working memory (Gimenez-Llort et al. 2007) , which is consistent with A 2A R's welldocumented functional effects on neuronal plasticity at the cortico-striatal ) and the hippocampal mossy fiber-CA3 pathways and with the identification of cortical regions (e.g., prefrontal and parietal cortices), in particular as the key structures subserving effective working memory based on electrophysiology and imaging (GoldmanRakic 1995; Rowe et al. 2000) .
Our comparative analysis, however, revealed a largely similar pro-cognitive phenotype in both fb-A 2A R KO and st-A 2A R KO mice. This profile was similar both in the type and selectivity of the cognitive functions that were enhanced, as well as in the magnitude of the observed cognitive enhancements, particularly in the case of working memory. This strongly suggests that striatal A 2A Rs (not cortical or hippocampal A 2A Rs) play a critical role in A 2A R-dependent modulation of cognition. Extending the deletion of A 2A Rs beyond the striatum to include the hippocampus and the cortex (i.e., extra-striatal) as in fb-A 2A R KO mice did not produce any phenotypes that were distinguishable from those already present in st-A 2A R KO mice. Thus, striatal A 2A R activity appears to assume a more prominent influence on these cognitive functions compared with extra-striatal cortical/hippocampal A 2A R activity. The exact contribution of cortical/hippocampal A 2A Rs to cognition, however, remains to be defined, e.g., through the use of cortex-and/or hippocampal-specific A 2A R KO mouse models. Last, it would be prudent to point out that there are extrastriatal regions where A 2A Rs were apparently deleted (e.g., hypothalamus) in both A 2A R KO mouse lines examined. The possible loss of A 2A Rs in hypothalamus, where expression is normally low, might be predicted to affect performance via its control of arousal rather than of learning as such. Given that striatal A 2A Rs represent the majority of the A 2A Rs commonly lost between both knockout lines (due to its shear number), it is both reasonable and parsimonious to infer that striatal A 2A Rs play a key role in yielding the observed working memory enhancement.
Striatal D 2 R activity is important for effective working memory as shown in animals and humans (e.g., Kellendonk et al. 2006; Mehta et al. 2008) . Inactivation of striatal A 2A Rs might potentiate striatal dopaminergic signaling via D 2 Rs to produce the working memory enhancement, given the well-documented antagonistic A 2A R-D 2 R interaction in striatopallidal MSNs of the "indirect" pathway (Ferre et al. 1997; Fredholm et al. 2007 ). In keeping with this notion, we have recently shown that st-A 2A R KO potentiated the motor-stimulant effect induced by dopaminergic stimulation (Shen et al. 2008a ). Interestingly, a form of striatal LTD (i.e., eCB-LTD) that is dependent on endocannabinoid release and D 2 R activation Malenka 2005, 2007 ) was found to be restricted to this very same population of striatopallidal MSNs (Kreitzer and Malenka 2007) . Moreover, this critical release of endocannabinoids from striatal MSNs was previously reported to require dopamine release in conjunction with up-statedependent activation of mGlu 5 Rs and L-type calcium channels (Kreitzer and Malenka 2005) . Consistent with this observation, D 2 R, mGlu 5 R, and Cav1.3 stimulation was shown to induce LTD using a protocol capable of eliciting spike-timing-dependent plasticity (STDP) (Shen et al. 2008b) . Although the impact of postsynaptic striatal A 2A R activity on striatal LTD has not yet been directly examined, concomitant stimulation of A 2A Rs and D 2 Rs shifted the striatopallidal MSN plasticity response from that of a D 2 R-induced LTD response to a LTP response instead (Shen et al. 2008b) . It is noteworthy that activation of A 2A Rs, in the setting of FGFR co-activation, has also been demonstrated to promote LTP at these cortico-striatopallidal synapses (Flajolet et al. 2008) , and suppression of A 2A Rs by pharmacologic blockade or by global A 2A R deletion has been shown to impair LTP at these synapses (d'Alcantara et al. 2001; Shen et al. 2008b ). Therefore, it is possible that A 2A R deficiency in the striatal "indirect" pathway MSNs modifies working memory by modulating dopamine-dependent signaling and plasticity, LTD, and/or LTP in the striatum.
A 2A R modulation of NMDAR current at post-synaptic striatal neurons (Norenberg et al. 1998) , as well as A 2A R heterodimerization and functional interaction with mGlu 5 Rs (Ferre et al. 2002) , further suggest that striatal A 2A R activity may also modify working memory by modulating striatal glutamatergic signaling. The modification of the striatal function potentially through dopaminergic and/or glutamatergic mechanisms by striatal A 2A Rs might be expected to alter the processing of cortical information entering the striatum, as well as striatal projections to efferent targets such as the prefrontal cortex (Simpson et al. 2010) . The latter is supported by the recent demonstration that manipulation of striatal D 2 R activity is sufficient to modify the prefrontal cortical function and working memory (Kellendonk et al. 2006 ).
Selective inactivation of striatal neuronal A 2A Rs enhances reversal learning
Reversal learning is an accepted measure of cognitive flexibility because efficient task performance requires the ability to rapidly switch from one response pattern to a conflicting one in response to the complete reversal of environmental contingencies between the relevant action and goal. This study provides the first demonstration that striatal A 2A R inactivation facilitates spatial reversal learning largely without affecting spatial reference memory acquisition or recognition memory. Both fb-A 2A R KO and st-A 2A R KO reversed faster, as evidenced by their efficient escape performance during reversal training (fb-A 2A R KO and st-A 2A R KO) and the earlier emergence of a spatial bias for the novel target quadrant across successive probe tests (st-A 2A R KO). Thus, compared to their respective control groups, these knockout mice more effectively and more rapidly redirected their search behavior in response to the relocation of the escape platform from its initial constant position. This outcome might reflect that fb-A 2A R KO and st-A 2A R KO mice were more ready to inhibit their previously acquired (but no longer effective) response and extend their search to alternative areas, thereby allowing them to establish the newly adaptive response more quickly than their controls. This phenotype cannot, however, be solely attributed to poorer initial learning of the original platform location because st-A 2A R KO and st-WT mice performed comparably during acquisition, achieving near-identical performance on the last training day, and demonstrated equivalent search accuracy and above-chance performance during probe testing (see Fig. 5D,F) . This interpretation is reinforced by the observation of a similar enhanced reversal learning phenotype in fb-A 2A R KO mice that had clearly demonstrated normal probe test performance.
Although the water-maze reversal procedure differs from reversal learning based on the two-alternative forced choice paradigm by the fact that there were areas of the maze that were consistently not associated with the escape platform across both acquisition and reversal, it is still highly effective in taxing the ability to suppress or inhibit the previously reinforced response. As mentioned previously, the reversal learning phenotype may reflect a facilitation of the ability to suppress a learned response in general. This possibility is strengthened by our recent demonstration showing that st-A 2A R KO mice remained sensitive to the devaluation of a reinforcer's incentive value when overtraining had instilled a resistance in the controls whose responding had become habitual (Yu et al. 2009 ). Similarly, st-A 2A R KO mice were also demonstrably more responsive to an "omission" procedure, whereby lever pressing was discouraged by lowering the frequency and increasing the delay of food delivery (Yu et al. 2009 ). Consistent with this finding is the evidence suggesting that the striatum plays an important role in active response suppression (e.g., Zandbelt and Vink 2010).
All together, it is apparent that facilitated reversal learning and cognitive flexibility (observed in this study) may come at the expense of weakened habit formation (as shown in Yu et al. 2009 ). The balance and trade-off between the two strategies of behavioral control might therefore be effectively modulated by striatal A 2A Rs. For example, under conditions in which persistence is maladaptive and unproductive, the promotion of alternative behavioral responses might lead to a more rapid adaptation to changing environmental contingencies, leading to "enhanced" performance outcomes. Such conditions were prominent in both the reversal test in the present study as well as in the instrumental tests reported by Yu et al. (2009) . One interpretation of these findings is that st-A 2A R KO mice remained goal-directed with a corresponding weakening of habit formation. The latter may imply that habit formation depends on the induction of A 2A R-dependent striatal LTP (Lovinger 2010) as LTP in the striatum is reduced in global A 2A R KO mice (d'Alcantara et al. 2001; Shen et al. 2008b ).
Neural circuits in several different brain regions including the prefrontal cortex, the hippocampus, the amygdala, and the striatum are collectively involved in reversal learning. Genetic knockout studies have implicated glutamatergic and dopaminergic signaling in reversal learning, but have not determined the relative contributions of cortical vs. subcortical receptors. The similar enhanced reversal phenotype in both knockout mouse lines argues that modulating A 2A R signaling in the striatum alone is sufficient for reversal learning enhancement and suggests that striatal A 2A Rs play a critical role in modulating this form of cognitive flexibility. This interpretation agrees with converging evidence that the striatum is pivotal in reversal learning (Bellebaum et al. 2008; Clarke et al. 2008) .
Our finding of enhanced reversal learning, without disrupting acquisition during water-maze testing, is reminiscent of the impaired reversal learning phenotype in mutant mice with glutamatergic signaling deficiency including mGlu 5 R (Xu et al. 2009 ), NMDA receptor subunit NR2A (Bannerman et al. 2008) , and AMPA receptor subunit GluR-A (Bannerman et al. 2003 ) knockout mice and of the enhanced phenotype in forebrain neuron-specific glycine transporter (GlyT1) knockout mice (Singer et al. 2009 ). These gene knockout studies suggest that the potentiation of glutamatergic and/or NMDAR-mediated signaling may be linked to the enhancement of reversal learning. In light of A 2A R's functional antagonism with NMDARs (Wirkner et al. 2004) in the striatum, the enhanced reversal phenotype might also be mediated by heightened striatal NMDAR/glutamatergic signaling resulting from deficient striatal A 2A R activity.
Notwithstanding, D 2 Rs are also important for reversal learning. In humans, reversal performance correlated positively with D 2 R binding in the caudate nucleus (Clatworthy et al. 2009 ), whereas pharmacologic D 2 R blockade in nonhuman primates (Lee et al. 2007) , genetic D 2 R deletion in mice (Kruzich et al. 2006; De Steno and Schmauss 2009) , or striatal D 2 R overexpression in mice (Kellendonk et al. 2006 ) impaired reversal learning. Thus, A 2A R's interaction with D 2 Rs offers another mechanism whereby striatal A 2A Rs may influence reversal learning.
Last, recent evidence has shown that A 2A R antagonism can increase levels of the retrograde endocannabinoid messenger, 2-arachidonoylglycerol, in the striatum and facilitate endocannabinoid-dependent LTD at excitatory synapses onto post-synaptic striatopallidal MSNs (Lerner et al. 2010) . Moreover, the motor stimulating effect of A 2A R antagonism, which is known to occur through a blockade of post-synaptic striatal A 2A Rs (Shen et al. 2008a) , was markedly attenuated by global CB1-receptor antagonism or knockout (Lerner et al. 2010) , thus highlighting the cross-talk between post-synaptic striatal A 2A Rs and endocannabinoid-CB1 receptor pathways. Along with evidence that pharmacologic manipulation (Hill et al. 2006) or genetic deletion (Varvel and Lichtman 2002) of CB1 receptors can impair reversal performance in rodents, one might speculate that suppression of striatal A 2A R activity may also facilitate reversal learning by potentiating endocannabinoid-CB1 receptor signaling in excitatory (e.g., cortical glutamatergic) synapses in the striatum.
Conclusion
In summary, we provide the first direct demonstration that A 2A R inactivation on intrinsic striatal neurons where A 2A R expression is most abundant is sufficient to selectively enhance working memory performance and facilitate reversal learning. This suggests that striatal A 2A Rs may be an effective, novel target to enhance cognition under physiological conditions. As A 2A R antagonists are in clinical phase II-III trials for Parkinson's disease and cognitive inflexibility is a core cognitive disturbance in neuropsychiatric disorders including Parkinson's disease and schizophrenia, A 2A R antagonists might ameliorate these associated cognitive deficits. Our results support an important role for the striatum in cognition (Simpson et al. 2010 ) and lend a partial explanation for the prominent cognitive changes associated with neuropathologic disorders, like Huntington's disease and Parkinson's disease, where neuronal degeneration and loss is largely restricted to the striatum, without significant pathologic changes in the cortex.
Materials and Methods
Approval from the Institutional Animal Care and Use Committee at Boston University School of Medicine and the Zurich Cantonal Veterinarian Office had been previously granted for all experiments conducted in Boston and Zurich, respectively. They adhered to the NIH Guide for the Care and Use of Laboratory Animals (1982) , the Swiss Federal Law and Ordinance on Animal Protection, and European Council Directive 86/609/EEC (1986).
Generation of forebrain-specific and striatum-specific A 2A R knockout mice Two conditional A 2A R knockout mouse lines with brain regionspecific deletion of a critical region (i.e., exon 2) of Adora2a, the gene encoding the adenosine A 2A receptor (A 2A R), were generated using the Cre/loxP strategy. This particular strategy uses a regionspecific promoter to drive the expression of Cre, which subsequently mediates the deletion of a gene flanked by loxP sites. Although we refer to our engineered mouse lines as gene "knockout" to maintain consistency with our previous reports using these engineered mouse lines, our model might more precisely be considered a gene "knockdown" as Cre expression and/or Cre-mediated recombination of Adora2a may be incomplete (see Results).
Forebrain-specific A 2A R knockout mice (fb-A 2A R KO, Camk2a-cre(+)-Adora2a flox/flox , congenic C57BL/6 genetic background) were generated and genotyped as previously detailed (Bastia et al. 2005) . Briefly, Camk2a-cre(+) mice (L7ag#13 line, C57BL/6 genetic background) (Dragatsis and Zeitlin 2000) and Adora2a flox/flox mice (mixed Sv129 × C57BL/6 genetic background) were independently backcrossed to C57BL/6 mice for 10 generations at the Laboratory of Dr. Michael Schwarzschild (Massachusetts General Hospital) and then interbred to generate congenic fb-A 2A R KO mice and their WT littermates.
Striatum-specific A 2A R knockout mice (st-A 2A R KO, Dlx5/ 6-cre(+)-Adora2a flox/flox , of a mixed FVB × C57BL/6 genetic background) were generated and genotyped as previously described (Shen et al. 2008a) . Briefly, Dlx5/6-cre(+) transgenic mice in a FVB genetic background were provided (Ohtsuka et al. 2008) and cross-bred to Adora2a flox/flox mice in a congenic C57BL/6 genetic background. A Dlx5/6 intron regulatory element drove the embryonic, striatal neuron-specific Cre-mediated deletion of the "floxed" allele (Zerucha et al. 2000; Ghanem et al. 2003; Ohtsuka et al. 2008) .
In earlier pilot studies, both Adora2a flox/flox mice (i.e., without the cre transgene) and Adora2a -/ -mice (i.e., with Camk2a-cre or Dlx5/6-cre transgene, but without floxed allele) responded similarly to amphetamine. Thus, for this study, we used only the Adora2a flox/flox mice for our "wild-type" littermate control groups (fb-WT or st-WT for the fb-A 2A R KO or st-A 2A R KO lines, respectively). Briefly, naive mice were anesthetized with tribromoethanol (Avertin), transcardially perfused with ice-cold phosphate buffered saline (PBS) followed by 2% paraformaldehyde. The brains were removed in toto, post-fixed overnight, and then cryoprotected in a sucrose solution (10%-20%-30%) until processing. Parasagittal sections of 50 mm were incubated in X-gal solution (5 mM K 4 Fe(CN) 6 . 3H 2 O, 5 mM K 3 Fe(CN) 6 , 2 mM MgCl 2 , 1 mg/mL X-gal (5-bromo-4-chloro-3-indoyl-b-D-galactoside, Invitrogen) in PBS and 2.5% dimethyl formamide) for 30 min at 37˚C.
Generation of
PCR analysis of Cre-mediated recombination and A 2A R deletion in various brain regions during postnatal development PCR was conducted on striatal, cortical, and cerebellar tissue isolated from fb-A 2A R KO and fb-WT mice at postnatal days 15, 23, and 35 and on striatal, cortical, and hippocampal tissue isolated from st-A 2A R KO and st-WT mice at postnatal days 5 and 33. Whole tissue samples were isolated from each hemisphere, and PCR on extracted genomic DNA was conducted according to the procedure described in full previously (Bastia et al. 2005) .
Total membrane binding assessment of adenosine and dopamine receptors in various brain regions
Total membranes were prepared from the striatum, the cortex, the hippocampus, and/or the olfactory bulb, and single-point saturation binding assays were performed in duplicate to quantify total A 2A R, A 1 R, D 1 R, and D 2 R levels as described earlier (Dewar et al. 1989; Lidow et al. 1989; Cunha et al. 1996; Lopes et al. 2004; Houchi et al. 2005; Rebola et al. 2005 ) with slight modifications. Each 300-mL binding assay, consisting of assay buffer (50 mL), radioligand (50 mL), and membranes (200 mL, 100-200 mg), was incubated at room temperature (or 30˚C for D 1 R) for 1 h (or 2 h for A 1 R). The radioligands and final concentrations were: (1) A 2A R: 
Behavioral evaluation
Experiment set I (fb-A 2A R KO and st-A 2A R KO mice)
Two cohorts of mice, referred to hereon as the "forebrain" and "striatal cohorts," were used exclusively for behavioral evaluations. The forebrain cohort comprised 17 fb-A 2A R KO mice (nine male and eight female) and 13 fb-WT mice (six male and seven female), and the striatal cohort comprised 17 st-A 2A R KO mice (nine male and eight female) and 17 st-WT mice (seven male and 10 female). They were bred at Boston University School of Medicine (Boston, MA, USA) and transported to ETH-Zurich (Schwerzenbach, Switzerland) 1 mo before experimentation began, when they were 3.5 -4.5 mo old. All mice were individually housed with ad libitum food and water in a temperature-and humidity-controlled vivarium maintained under a 12-h reversed light-dark cycle (lights on at 7 pm). Behavioral testing was always conducted in the dark phase.
A total of 11 tests were conducted and their chronologic sequence is listed in Supplemental 
Experiment set II (st-A 2A R KO mice)
A separate, independent striatal cohort comprising nine st-A 2A R KO mice (five male and four female) and eight st-WT mice (five male and three female) was subsequently tested in a follow-up experiment to further examine working memory performance in the water maze. These mice had previously undergone active avoidance testing followed by conditioned taste aversion testing (P Singer, CJ Wei, JF Chen, and BK Yee, unpubl.) . The testing sequence of the five total behavioral tests along with the subject number are detailed in Supplemental Table 1 , Experiment set II.
Spatial recognition
This was assessed by measuring the spontaneous preference for novel over familiar places using a Y-maze as fully described before (Pietropaolo et al. 2009 ). Briefly, mice were placed in the maze in a randomly selected start arm and allowed to explore one other arm (familiar arm). After 5 min, mice were removed from the maze for a variable duration (2 min, 30 min, 3.5 h, or 1 d) and then re-introduced to the maze for an additional 3 min during which they could explore all three maze arms. Preferential exploration of the never-visited novel arm during this test phase was indexed by the following ratio: (time spent in novel arm/time spent in all three arms) × 100%. A novel testing room with unique distal spatial cues was used for each delay condition, and a minimum of 2 d separated successive tests. Video tracking was performed by Ethovision (version 3.1, Noldus Technology).
Water maze
The apparatus has been fully described before (Yee et al. 2007; Singer et al. 2009 ). Three tests were conducted: visible cue task, working memory task, and acquisition and reversal of reference memory. Each test was conducted in a distinct testing room with a unique set of distal spatial cues. In all tests, mice were given two trials per day to learn to escape from the water within 60 sec by climbing onto an escape platform (7-cm diameter) submerged 1 cm below the water surface, on which they remained for a 20-sec intertrial interval (ITI) before initiating the second trial. Platform placements were counterbalanced among subjects. A pseudorandomized, nonrepetitive, sequence of start positions was used. Video tracking was performed by Ethovision (version 3.1, Noldus Technology).
Visible cue task. This served to detect any confounding change in swimming or escape behavior. For two consecutive days, the location of the platform was made visible by a local cue placed directly above the escape platform and was varied between the two days.
Working memory task. Next, the escape platform stayed hidden and assumed a new position on each day, but remained unchanged across the two trials on the same day. Improvement from trial 1 to 2 provided a measure of working memory-the retrieval of the day-specific location of the escape platform learned from trial 1 (Hodges et al. 1995) . St-A 2A R KO and st-WT mice were evaluated over a block of 4 d, with a minimal ITI (i.e., 20 sec), which proved to be sufficiently difficult for st-WT mice. On the other hand, fb-A 2A R KO and fb-WT mice were tested for additional two 4-d blocks to accommodate more extended ITIs: 10 min for the second block and 15 min for the final block. These additional training blocks allowed us to achieve a level of difficulty that also reduced the performance of fb-WT mice to chance level. The daily platform locations and start positions within a block were counterbalanced with a pseudorandom sequence.
Acquisition and reversal of reference memory. This commenced 6 or 14 d after the working memory test for the forebrain or striatal cohort, respectively. The platform now assumed a constant location throughout the acquisition phase of the experiment, which lasted for 10 consecutive days. The platform position was counterbalanced across groups. A 60-sec probe test (with the escape platform removed) was performed on days 11 and 13. Next, reversal learning began and lasted for 4 or 8 d in the respective forebrain or striatal cohorts. In this phase, the escape platform assumed a new constant location that was diagonally opposite to its former location. An initial probe test, performed on day 5, revealed successful reversal learning in fb-A 2A R KO and fb-WT mice, which led to termination of the test. On the other hand, it was apparent that st-A 2A R KO and st-WT mice required further training. To monitor the progress of reversal learning across the additional training days, two more probe tests were performed: one at the beginning of day 7 and another at the beginning of day 9. Testing was then terminated in this cohort at the end of the final probe test on day 9. Performance was indexed by escape latency and path length. Probe test performance was evaluated by the proportion of time spent in the target quadrant, where the platform was previously located, relative to the other three quadrants.
Experiment set II (st-A 2A R KO mice)
As the performance enhancement in Experiment set I was observed against a background of weak st-WT control performance, additional visible and working memory tasks in Experiment set II were performed on a separate cohort of st-A 2A R KO and st-WT mice to solidify the original interpretation of enhanced working memory in st-A 2A R KO mice based on Experiment set I and to exclude the alternative interpretation that st-WT mice had failed to learn the matching rule. A four-trial-per-day training protocol was used to improve st-WT performance with the modifications described in the following.
Working memory task. Training: Mice were first trained for 4 d in the working memory task using four trials per day to facilitate learning and ensure that all mice could learn the procedures and the matching rule inherent to the working memory task.
Testing: Working memory testing proceeded for the next 8 d, as in Experiment set I, once effective working memory functioning (trial 1-to-2 improvement) during training was observed. Two delays (ITIs) of varying retention loads, 20 sec or 10 min, separated the two daily trials. Mice were tested for 4 d at each delay: 2 d at 20 sec, then 4 d at 10 min, and then 2 d more at 20 sec. This sequence ensured that comparison across the two delay conditions was not systemically confounded by overall training effects across the 8 d of testing.
Statistical analysis
Data from the two A 2A R KO mouse lines (i.e., fb-A 2A R KO or st-A 2A R KO) and from the two experiments (i.e., Experimental sets I and II in the st-A 2A R KO mouse line) were separately analyzed by parametric analysis of variance (ANOVA) of the appropriate design. Thus, all analyses involved comparisons between subjects that shared identical experimental histories. Between-subject factors included genotype (i.e., A 2A R KO vs. WT) and sex (i.e., male vs. female) if present. Within-subjects factors such as trials, days, delays, and arms were included as required by the experimental design. Post-hoc pair-wise comparisons or restricted ANOVAs were performed to facilitate interpretation of higher-order interaction effects whenever appropriate. One-sample Students t-tests were used to gauge performance against chance level. All analyses were conducted using SPSS (Version 16) with a Type I error rate of 0.05.
